Balaenopteridae actively feed by engulfment. They swim rapidly at their prey (40-50 km/h), with their mouth open and their lower jaw pulled wide open at a 908 angle. Their mouth and ventral pouch engulf up to 60 m 3 of water, then the mouth closes and food is swallowed after the expulsion of water through the baleen. These highly specialized feeding mechanisms are associated with a developed ascending process of the maxilla and a hooklike and outwardly bent coronoid process of the dentary. These features participate in the strengthening of the architecture of the skull and jaw. Although all fossil baleen mysticetes bear a developed coronoid process, only 6 taxa (Piscobalaena nana, Cetotherium rathkei, Herpetocetus sendaicus, Metopocetus durinasus, Mixocetus elysius, and Nannocetus eremus) have a posteromedially expanded ascending process of the maxilla. Feeding strategies and mechanisms of each extant family of baleen whales are compared and correlated with the associated skull and dentary features. This correlation suggests a preliminary phylogeny of the mysticetes and a new definition of the Cetotheriidae sensu stricto (Piscobalaena nana, Cetotherium rathkei, Herpetocetus sendaicus, Metopocetus durinasus, Mixocetus elysius, and Nannocetus eremus).
Baleen mysticetes (Chaeomysticeti sensu Mitchell 1989) , the group to which modern mysticetes belong, probably appeared during the Early Oligocene and underwent a major diversification during the Miocene. The oldest baleen mysticete known is Mauicetus parki (Benham 1937 ) from the latest Oligocene to earliest Miocene of New Zealand. In this specimen, the long thin grooves for the passage of blood vessels and nerves to irrigate the epithelium that produces the baleen are present on the ventral face of the maxilla. This morphology of the maxilla indicates that teeth had been replaced by baleen by Late Oligocene and that Mauicetus had already developed the filter-feeding system observed in the extant mysticetes (Fordyce 1980) . Currently, the baleen mysticetes are classified into 5 families, 4 of which have extant representatives: the Balaenopteridae represented by rorquals and humpback whales, the Balaenidae known as right whales, the Eschrichtiidae or gray whale, and Neobalaenidae known as pygmy right whales. The 5th family is the only exclusively fossil family of baleen mysticetes, the Cetotheriidae (Brandt 1873) . All fossil baleen whales lacking the synapomorphies of the extant mysticetes have been grouped in this last family. This absence of a proper definition has lead to a paraphyletic wastebasket group that comprises about 30 taxa discovered in marine deposits of all continents (Ichischima 1997; McKenna and Bell 1997; Rice 1998) . Although the literature regarding the ''Cetotheriidae'' is abundant, their phylogenetic status has not yet been defined, and their relationships within the suborder Mysticeti remain unresolved. Therefore, the term Cetotheriidae sensu lato (s.l.) is used here for this nonmonophyletic group (Rice 1998:52) of baleen mysticetes that do not bear the apomorphies of the extant families of baleen mysticetes. As noted previously, this wide group has been defined on plesiomorphies. It thus appears that the revision of this nonmonophyletic group is essential especially when it is very unlikely that all baleen whales constitute a natural group descended from a unique ancestor among mysticetes. It seems indeed more probable that there are distinct groups of fossil baleen whales from which the living whales have evolved. For instance, the Cetotheriidae sensu stricto, in this paper, comprises only 6 fossil taxa (Piscobalaena nana, Cetotherium rathkei, Herpetocetus sendaicus, Metopocetus durinasus, Mixocetus elysius, and Nannocetus eremus). Since this article proposes a hypothesis of phylogeny based on morphofunctional characters, not yet confirmed by any cladistic analyses, I will not propose any new nomenclatural naming here. Baleen mysticetes use 3 distinct feeding strategies. Right whales with their dorsally bowed rostrum and extremely long Croll and Tershy 2002:429) . Many morphological features present on the skull and lower jaw of these whales allow these distinctions between feeding mechanisms. These characters on which this preliminary phylogeny is based are morphology of rostrum, interdigitation of rostral and cranial bones, morphology of the coronoid process, morphology of the angular process, and maxillary teeth. Miller (1923 ), Cabrera (1926 ), and Kellogg (1928 proposed 2-3 distinct grouping of mysticetes based on the distinct morphologies of skulls of these animals. They suggested that some fossils were more closely related to Balaenopteridae than to other extant families of Mysticetes and that the other fossils had consequently more affinities with Balaenidae. They did not suggest any explanation for these hypotheses. The affinities of the Eschrichtiidae with the other families of baleen mysticetes are still often discussed. According to various analyses, Eschrichtiidae appear more closely related to Balaenopteridae.
In this paper, after a description of the various feeding strategies of the extant mysticetes, the hypotheses of Miller, Cabrera, and Kellogg will be briefly presented. This will be followed by a description of the mechanical processes taking place during feeding and the distinct cranial morphologies characterizing the extant families of baleen whales. Finally, these numerous features will be compared to those observed in fossil specimens, which will lead to a preliminary evolutionary pattern of their associated features since whales use baleen to filter feed.
FEEDING STRATEGIES AND ASSOCIATED FEATURES

Feeding Behaviors of the Extant Mysticetes
Engulfment.-Balaenopteridae feed mainly on shrimplike crustaceans, particularly on euphausiids (Bannister 2002) . They also feed on schooling fish such as herring. These types of prey, unlike plankton, are active swimmers. Consequently, Balaenopteridae have an active filter-feeding strategy: engulfment ( Fig. 1; Pivorunas 1979) .
The best example is the fishing strategy of the humpback whales (Megaptera novaeangliae). Once the prey are localized, 1 or 2 individuals (the beaters) out of a tribe of 2-9 individuals (Tyack and Whitehead 1983) dive deep under the school of fish and then return to the surface, blowing bubbles while swimming in circles. When the bubbles reach the surface, they frighten the prey, which aggregates in the center of this bubble net. Meanwhile, the rest of the tribe waits deeper under the school of fish. Once the prey is concentrated, the beaters whistle a signal to the rest of the tribe, which goes rapidly back to the surface at a speed up to 40-50 km/h (Lambertsen et al. 1995) . During this 2nd stage, each individual opens its mouth, and, forced by the amount of water engulfed, the lower jaw opens at a 908 angle. The tongue is forced backward in the ventral pouch while the ventral pleats expend prodigiously (Fig. 1A ) in order to support the engulfment of up to 60 m 3 of water and prey. Then the mouth is rapidly closed, the tongue progressively returns to the forward position, and the ventral pleats contract and expel the water out of the mouth through the short baleen (Fig. 1B) , trapping the prey inside the mouth and baleen fringes before it is swallowed.
Skimming.-Balaenidae and Neobalaenidae are known as passive filter feeders or skimmers. The status of Neobalaenidae is still discussed and even if ''virtually nothing is known about the social structure or feeding and mating behaviors of the pygmy right whale'' (Reeves et al. 2002:203) , observations that these whales feed on copepods and other krill species (Reeves et al. 2002:203) suggest that they feed by skimming just as right whales, a strategy described here. They have also been witnessed diving deep and for a long time as gray whales do. For the purpose of this paper, Neobalaenidae will be considered as skimmers.
Balaenidae feed on plankton, mainly copepods (Bannister 2002) . These whales have a dorsally arched rostrum. They also have the longest, thickest, and most numerous baleen plates among baleen whales even though Neobalaenidae have shorter baleen than Balaenidae. These whales do not have an oral pouch or ventral pleats.
When feeding, the animal swims slowly (5 km/h according to Werth 2000) through the plankton layer with its mouth open (Fig. 2) . The massive tongue, long baleen, and high lower lips make the open mouth resemble a tentlike skim. The water flows passively through the baleen, and the plankton is kept trapped in the baleen fringes while the animal keeps moving slowly forward. When the mouth closes, the flexible baleen is bowed backward in the mouth, and we suppose that the rugose tongue combs the plankton backward into the throat (Pivorunas 1979; Werth 2000) . Foraging.-Eschrichtiidae are known as the only baleen whales that feed actively by foraging on the bottom of shallow water close to the shore. Their prey consist of various types of bottom-dwelling organisms (such as crustaceans, amphipods, and polychaetes), krill, and fish (Pivorunas 1979; Werth 2000) .
When feeding, gray whales dive to the sea floor, roll on 1 side, usually the right side (Pivorunas 1979; Werth 2000) , and scrape the mud with all its content (Fig. 3 ). Once their mouth is full, they go back up to the surface where they expel the water and mud from their mouth through the baleen, trapping prey items in the baleen before swallowing them.
Mechanisms and Features Associated with Feeding Strategies
Balaenopteridae.-The way Balaenopteridae feed, considered to be the ''largest bio-mechanical event that has ever existed on the earth'' (Croll and Tershy 2002:430) , is made possible by several major features of the skull and the lower jaw: a subrectilinear rostrum (Fig. 4A ), short baleen, strong interdigitation of the rostrocranial bones ( Fig. 4B ), welldeveloped coronoid process of the dentary (Fig. 4C , structure a), massive angular process of the dentary (Fig. 4C , structure b), frontomandibular stay apparatus (Lambertsen et al. 1995; Fig. 4D) , loose articulation of the dentary in the glenoid cavity of the squamosal (Fig. 4E) , ligamentous symphysis of the lower jaw (Fig. 4F) , ability of each dentary to rotate on its longitudinal axis, muscular and extensible ventral pouch (Fig.  1) , and movable tongue (Fig. 1) .
First, I will consider the forces applied on the rostrum when the mouth opens. While the animal is rapidly moving forward toward its prey, with a speed of up to 40-50 km/h (Lambertsen et al. 1995) , the mouth opening is initiated by the action of the depressor mandibulae muscle. This muscle is inserted on the angular process of the lower jaw and on the postglenoid process of the squamosal. Because of the large amount of water engulfed in the buccal cavity, the lower jaw opens rapidly to a 908 angle with the upper jaw. Although the rostrum is independent of the temporomandibular articulation, the downward hydrodynamic forces generated on the lower jaw would induce the animal's head to bend downward. The rostral and occipital muscles, rostral-cranial bones suture, and expandable ventral pouch play an essential role in this first stage of the movement. The dorsal face of the maxilla is the insertion zone of the transverse rostral muscle and other muscles acting mainly on the blowhole movements. According to Schulte (Andrews and Schulte 1916), these muscles arise from the epicranial aponeurosis and seem closely connected. One of the most superficial layers is anteriorly attached to the thick transverse rostral muscle and posteriorly to the supraoccipital anterior edge. The presence of this muscle, added to the close interdigitation of the rostral and cranial bones, reinforces the strong rostrocranial structure. The strong longissimus dorsi, semispinalis capitis, recti capiti postici, and trachelo-occipitalis muscles, all of them inserted on the supraoccipital and the axial skeleton, counterbalance the downward tendency of the head while the lower jaw is open. The ventral pouch can expand up to 4 times its resting size, which allows the engulfment of up 60 m 3 . This also reduces the forces applied on the temporomandibular articulation and thus on the rostrum.
Second, I will consider the forces taking place when the lower jaw is pulled back up and the mouth closed. According to Lambertsen (Lambertsen et al. 1995) , the lower jaw is pulled back up by reflex of the frontomandibular stay apparatus. Once enough energy has been stored in the temporalis and masseter muscles and ligaments while the lower jaw is pulled down to its maximum, this energy induces the muscles to contract and pull the lower jaw back up. On the dentary, the temporalis and masseter muscles are distally attached, respectively, to the coronoid process and to the area anterior, ventral, and posterior to the coronoid process. The coronoid process is hooklike, thin, short, and outwardly bent, which enlarges and strengthens the area for the insertion of the temporalis and masseter muscles. On the skull, the temporalis muscle occupies the totality of the subvertical temporal wall from the postorbital edge of the supraorbital process of the frontal to the zygomatic process (Lambertsen et al. 1995) . The masseter profunda is inserted on the ventral face of the zygomatic process. According to J. G. Mead (pers. comm.), the temporalis muscle seems to be the most powerful of the 2 muscles. This suggests that the masseter could initiate the closing of the mouth and that the rest of the movement could be due mainly to the temporalis (Mead, pers. comm.). Thus, when the lower jaw is pulled back up, the temporal wall and the zygomatic process undergo considerable forces. Two features reduce these forces: the ligamentous symphysis of the lower jaw and the loose articulation of each dentary in the glenoid cavity of the squamosal. This allows both dentaries to rotate around their longitudinal axis and thus allows a wider diameter of the mouth, which compensates for the pressure of the water contained in the buccal cavity.
The 3rd step concerns the forces applied on the rostrum once the mouth is completely closed and 60 m 3 of water must be expelled from the buccal cavity. The movable tongue, which had been pushed far backward into the throat, is now pulled forward, and the muscular ventral pleats contract. The water is propelled through the baleen and out of the mouth, which produces a high pressure of water on the rostrum. These forces applied on the rostral bones are counterbalanced by the strong interdigitation of the rostral and cranial bones.
Balaenidae and Neobalaenidae.-In Balaenidae and Neobalaenidae, the forces exerted on the skull and lower jaw are different from those of Balaenopteridae and thus associated with different features: dorsally arched rostrum (Fig. 5A) , subrectilinear suture of rostral and cranial bones (Fig. 5B) , long and thick baleen (Fig. 5C ), high and large lower lips (Fig. 5D ), massive tongue (Fig. 5E ), atrophied coronoid process (Fig. 5F ), and atrophied angular process fused with the mandibular condyle (Fig. 5G) .
First, opening of the mouth is initiated by the depressor mandibulae. In right whales, the angular process on which this muscle inserts is more massive than in Balaenopteridae and is fused with the mandibular condyle. The dorsally bowed morphology of the rostrum increases the volume of the mouth. Thus, right whales do not have an expandable ventral pouch. While feeding, these whales swim slowly through the layer of plankton. This slow forward movement does not force the lower jaw downward, contrary to the situation in Balaenopteridae. Because of its own elasticity, the baleen springs downward and forward to fill up the space between the 2 jaws (Pivorunas 1979 ), forming a skim into which the prey is trapped. This 1st stage of feeding is passive, and there are no unusual forces taking place on either the rostrum or the frontomandibular articulation. Because the rostrum is not undergoing major forces, its structure is weaker than in Balaenopteridae, and the suture between the rostral and cranial bones is not strengthened and thus subrectilinear.
Second, when the mouth closes, the lower jaw is pulled back into its original position because of the action of the temporalis and masseter muscles. Contrary to Balaenopteridae, right whales have an atrophied coronoid process, and the effort produced by the temporalis and masseter muscles to close the mouth is limited. When the mouth closes, the massive tongue prevents water from escaping forward from the anterior part of the mouth, and the elastic baleen curves backward. The prey is then brushed by the rugose tongue into the throat and swallowed. The expulsion of water is consequently progressive, and the forces taking place on the rostrum are limited. The high and large lower lips also control the water flow induced while the mouth closes. In this 2nd phase, the rostrum does not undergo major forces as in the 1st phase and thus does not need to be strengthened.
Eschrichtiidae.-Although Eschrichtiidae and Balaenopteridae have a different feeding strategy, their skull and dentary bear similar features: the interdigitation of the rostral and cranial bones (Fig. 6A ) and short and few baleen plates.
Eschrichtiidae also share some features with Balaenidae: the atrophied coronoid process (Fig. 6B) , massive angular process F) Possibility for each dentary to rotate on its axis due to ligamentous symphysis and loose temporomandibular articulation. A and F) are modified from Lambertsen et al. (1995) ; B) is modified from Barnes and McLeod (1984). fused with the mandibular condyle (Fig. 6C) , absence of a ventral pouch and ventral pleats, and the fact that rows of baleen plates do not contact on the front. The rostral shape of Eschrichtiidae is intermediate between that of Balaenopteridae and that of Balaenidae, only slightly arched (Fig. 6D) .
As do Balaenidae, Eschrichtiidae feed in 2 main phases. First, they dive to the sea floor, roll on their right side, and open their mouth to scrape the mud containing bottom-dwelling organisms. In this 1st phase, the depressor mandibulae muscle plays the same role as in other mysticetes: it initiates the opening of the mouth. The angular process in gray whales is atrophied similarly to Balaenidae. The lower jaw is not widely pulled down, in contrast to Balaenopteridae, just enough to scrape the mud. This active movement of scraping induces forces on the rostrum and jaw articulation, which are supported by the interdigitation of the rostral and cranial bones. Once enough mud is contained in the mouth, the animal goes back to the surface.
The mouth closes with the help of the temporalis and masseter muscles as in Balaenopteridae and Balaenidae. Gray whales have the shortest and fewest baleen plates among mysticetes, and the row of plates does not contact in the front. They also lack both the ventral pouch and pleats. Consequently, the closing movement of the mouth must be rapid in order to lose the least food. Eschrichtiidae have an atrophied coronoid process. The pressure of the water on the rostrum must be considerable while the tongue expels the water filtered through the baleen. The forces induced are counterbalanced by the strong interdigitation of the rostral and cranial bones.
HYPOTHESES OF MILLER, CABRERA, AND KELLOGG
In 1923, Miller defined the Cetotheriidae s.l.-Eschrichtiidae (Eschrichtius robustus) group as the sister group of the Balaenopteridae, with the Cetotheriidae s.l. as the group including Cetotherium and the related genera. He based his hypothesis on the fact that Eschrichtiidae and Cetotheriidae s.l. share 2 cranial characters with Balaenopteridae. First, the telescoping of their skull induces the interdigitation of the rostral (maxillae, premaxillae, and nasals) and cranial bones. Second, the nasals and the posterior processes of premaxillae extend posteriorly to the line joining the preorbital processes of the frontals. Miller based the distinction of Cetotheriidae s.l. from Eschrichtiidae and Balaenopteridae on the fact that the supraorbital process of the frontal slopes gradually downward and outward from the dorsal level of the infraorbital region in Cetotheriidae s.l., whereas it slopes abruptly in the others.
In 1926, Cabrera proposed a 2-group division of the Cetotheriidae s.l. The 1st group consisted of fossil taxa in which the rostral bones interdigitate with the cranial bones. This character is actually Miller's 1st criterion to suggest that Cetotheriidae s.l. is closer to Balaenopteridae and Eschrichtiidae than to Balaenidae and Neobalaenidae. Because this particular character is present in Cetotherium and related genera, this 1st subgroup of Cetotheriidae s.l. would constitute the family Cetotheriidae s.s. This family name would be based on Cetotherium Brandt, 1843, the 1st described genus included in the group. In the skull of the other Cetotheriidae s.l., the degree of telescoping of the skull is not as high as in Balaenopteridae. Thus, the rostral and cranial bones do not interdigitate. Instead, the suture between these bones is subrectilinear. Among all genera of fossil baleen whales bearing this character, Cabrera made a distinction between those whose vertex is not elevated, such as Plesiocetus, Mesocetus, and Metopocetus, and those whose vertex is highly elevated, especially Heterocetus (Beneden 1880) . But this last character seems extremely subjective since Cabrera did not give a measure in order to determine what he meant by highly or not highly elevated vertex.
In 1928, Kellogg proposed that the subrectilinear suture of the rostral and cranial bones observed on skulls of Balaenidae originates from the same character present in some Cetotheriidae s.l. and then that the interdigitation of these bones observed in Cetotherium and related genera could have led to the morphology of the Balaenopteridae.
PHYLOGENETIC AFFINITIES
The facts and hypotheses presented here lead to a possible understanding of the affinities of the Cetotheriidae with the other families of baleen mysticetes. This statement is based on 5 main characters of the skull (morphology of the rostrum, interdigitation of rostral and cranial bones) and the dentary (morphology of the coronoid process, morphology of the angular process, maxillary teeth; Fig. 7 ; Appendix I).
Cetotherium rathkei, Herpetocetus sendaicus, Metopocetus durinasus, Mixocetus elysius, Nannocetus eremus, and Piscobalaena nana bear the following 3 Balaenopteridae features: the interdigitation of rostral and cranial bones ( Fig. 7A ; Appendix I), developed angular process (character state 4.1; Fig. 7B ), and hooklike, long, thin, and outwardly bent coronoid process (Figs. 7B and 7C; Appendix I). These 3 characters are described more fully here.
Interdigitation of the rostral and cranial bones.-This character is possibly inherited from ancestral predators such as Aetiocetidae and Archaeocetes in which it is present ( Fig.  7A ; Appendix I). This character, also present in Balaenopteridae and Eschrichtiidae, appears to strengthen the rostrocranial suture and consequently the skull structure.
Massive and posteriorly developed angular process.-The angular process is massive and little developed posteriorly in Balaenopteridae ( Fig. 7C ; Appendix I), whereas it is developed as a long, posteroventral lamina of bone in Aetiocetidae and Archaeocetes. It is present in Piscobalaena nana (Pilleri 1989) and Herpetocetus sendaicus (Beneden 1882; Hasegawa et al. 1985; Hatai et al. 1963; Oishi and Hasegawa 1994; Oishi et al. 1985) . In the 3 other fossil taxa (Cetotherium, Nannocetus, and Metopocetus), the dentary is not preserved. In Piscobalaena and Herpetocetus, the process is not as massive as in Balaenopteridae, but this could be compensated for by its important posterior expansion (character state 4.1).
Hooklike, thin, long and outwardly bent coronoid process.-In Aetiocetidae and Archaeocetes, the coronoid process is a dorsally developed lamina of bone ( Fig. 7B ; Appendix I), thin as in dogs and other mammals. This morphology allows these animals to catch their prey and preliminarily cut out the meat, which is not the case in baleen mysticetes.
In other fossil mysticetes (e.g., Diorocetus and Aglaocetus), the suture between the rostral and cranial bones is subrectilinear, and the angular process is atrophied as in right whales, but the coronoid process is hooklike and outwardly bent as in the 6 preceding species of ''Cetotheriidae'' and in Balaenopteridae.
The 2 features shared by Balaenopteridae, Cetotherium rathkei (Brandt 1843), Herpetocetus sendaicus, Metopocetus durinasus (Cope 1896; Kellogg 1968) , Mixocetus elysius (Kellogg 1934) , Nannocetus eremus (Kellogg 1929) , and Piscobalaena nana suggest that all these whales may have had a similar feeding strategy. These 6 fossil baleen mysticetes could then be phylogenetically more closely related to Balaenopteridae and could also constitute the Cetotheriidae s.s. (Fig. 7A) since Cetotherium rathkei is included in this group. If this hypothesis were confirmed, it would corroborate the hypotheses of Cabrera and Kellogg, who proposed that the Cetotheriidae s.s. could be the group from which Balaenopteridae originate.
Also, if the evolutionary pattern of the 3 features (Fig. 7A ) were confirmed and according to the morphology of toothed mysticetes, it would imply that Balaenopteridae and the Cetotheriidae s.s. appeared before Balaenidae, which morphology would have descended from the other fossils morphology (Cetotheriidae s.l., all other taxa of fossil baleen mysticetes; Fig. 7A ) as suggested by Kellogg in 1928. The affinities of Eschrichtiidae with the other extant families of mysticetes are in debate. First, the shape of their rostrum is intermediate between that of Balaenopteridae and that of Balaenidae. Second, gray whales share some features with Balaenopteridae (the interdigitation of rostral and cranial bones, short baleen), and they have an active feeding strategy (gulping rather than skimming). But they also show some of the right whale's features (arched rostrum, absence of ventral pleats) and have been seen feeding by engulfment as well as by skimming.
These observations and mixed morphology have led to many debates, and the status of gray whales is still under discussion. Moreover, the few gray whale fossils appear to be fairly recent, that is, with a morphology similar to that of the extant specimens. Molecular analyses (À rnason and Gullberg 1994; Messenger and McGuire 1998) have not been able to give a reliable solution to this problem. In this paper, gray whales, according to their skull features and their active feeding behavior, seem more closely related to Balaenopteridae than to right whales.
The hypothesis concerning the evolutionary history of certain features of the skull and dentary presented here will need to be corroborated by a more complete cladistic analyses taking these features into consideration. The auditory area, even if not obviously as diagnostic in Mysticetes as in Odontocetes, would also need to be included in the analyses. 
